Given that plants are sessile organisms, traits involved in adapting to local environments and/or in monitoring the surrounding environment, such as having photoreceptors, are significant targets of natural selection in plant evolution. To assess the intraspecific adaptive evolution of photoreceptors, we investigated sequence variations in four phytochrome genes (PHYA-C and PHYE) of Cardamine nipponica (Brassicaceae), an endemic Japanese alpine plant. The genealogies of haplotypes and genetic differentiations showed inconsistent patterns of evolution across phytochromes, suggesting that evolutionary forces were distinct in phytochromes of C. nipponica. An overall low level of nucleotide diversity in phytochrome genes suggests that the evolution of phytochromes is constrained by purifying selection within C. nipponica, which is consistent with previous findings on phytochromes. However, PHYE alone exhibited a non-neutral pattern of polymorphisms (Tajima's D ¼ 1.91, P , 0.05) and an accumulation of nonsynonymous substitutions between central and northern Japan. In particular, the PHY domain, which plays an important role in stabilizing the active form (Pfr) of phytochromes, harbored a specific nonsynonymous fixation between regions. Thus, our finding indicates that local adaptation is involved in the evolution of PHYE in C. nipponica and is the first to suggest the involvement of PHYE in local adaptation.
G
IVEN that plants are sessile organisms, adapting to the surrounding environment and monitoring environmental changes such as temperature, aridity, and day length are important not only for survival, but also for reproductive success. Thus, natural selection has likely played a significant role in selecting for such traits in the evolution of plants. In particular, various developmental responses are influenced by the light environment (known as photomorphogenesis); for example, germination, de-etiolation, shade avoidance, and flowering are regulated by light signals (Whitelam and Devlin 1997; Whitelam et al. 1998; Smith 2000; Mathews 2006 ). Thus, plants have obtained sophisticated systems, including photoreceptors, to monitor light signals such as intensity, direction, quality, and duration. In particular, phytochromes, which sense red and far-red light, are among the most studied photoreceptors and play a major role in developmental pathways as well as in evolutionary history.
Phytochromes have two photoreversible conformations: an inactive red-light-absorbing form (Pr) and an active far-red-light-absorbing form (Pfr). Red light converts Pr to Pfr, while far-red light converts Pfr back to Pr. At least three phytochromes are widely known in angiosperms (PHYA-C; Mathews et al. 1995) , and five have been identified in Arabidopsis thaliana (PHYA-E; Sharrock and Quail 1989; Clack et al. 1994) . According to phylogenetic analyses, these gene families are clustered into two major groups, PHYA/C and PHYB/ D/E (Alba et al. 2000) , and the duplication of these two major clusters occurred prior to angiosperm radiation (Mathews et al. 1995) . Further duplication resulted in PHYA and PHYC and PHYB/D and PHYE, although some groups, such as monocots and poplars, lack PHYE (Mathews and Sharrock 1996) , and PHYD was duplicated from PHYB specifically in the Brassicaceae (Mathews and McBreen 2008) . The evolutionary consequences following gene duplications have recently been reported. Positive selection was involved in the functional divergence following duplications in PHYA and PHYC and PHYB/D and PHYE, whereas purifying selection suppressed the divergence in each group ( Yang and Nielsen 2002) . Moreover, adaptive evolution was involved in the evolution of PHYA in early angiosperms (Mathews et al. 2003) .
Because light signals differ among habitats, such as forest understory, canopy, and open meadow, as well as among populations at high and low latitudes and altitudes, the functions of phytochromes should be both a target for natural selection and adapted to the local light environment. This hypothesis was recently supported by studies of A. thaliana, which showed that amino acid substitutions in PHYA, PHYB, and PHYC may be responsible for intraspecific phenotypic differences among accessions (Maloof et al. 2001; Balasubramanian et al. 2006; Filiault et al. 2008) . In addition to the conclusions of the Arabidopsis studies, the importance of PHYB2 for local adaptation was also suggested in studies of Populus tremula (Ingvarsson et al. 2006 (Ingvarsson et al. , 2008 . Thus, determining polymorphisms in phytochrome genes and their geographic distribution could demonstrate the importance of phytochromes for local adaptation.
A previous phylogeographic study on Cardamine nipponica Franch. et Savat. (Brassicaceae), an endemic Japanese alpine plant, found a higher level of fixation of nonsynonymous substitutions among populations in a partial sequence of PHYE (Ikeda et al. 2008b) , indicating the involvement of PHYE in local adaptation. In the Japanese archipelago, alpine flora are distributed on high mountaintops from central to northern Japan. Nearly half of the Japanese alpine flora species are also found in Arctic regions [such as Dryas octopetala (Rosaceae), Loiseleuria procumbens (Ericaceae), and Diapensia lapponica (Diapensiaceae)], indicating that Arctic plants significantly contributed to the Japanese alpine flora. According to recent phylogeographic investigations, most alpine plants show strong genetic differentiation between populations from central and northern Japan, suggesting a history of vicariance in the Japanese archipelago (Fujii et al. 1997 (Fujii et al. , 1999 Senni et al. 2005; Fujii and Senni 2006; Ikeda et al. , 2008a Setoguchi 2007, 2009) . Most importantly, the genetic structure of 10 nuclear genes in C. nipponica revealed that haplotypes of most loci were closely related in each region and diverged from those in the other region. Moreover, the isolation with migration model (Nielsen and Wakeley 2001; Nielsen 2004, 2007) demonstrated no migration between the two regions after the regions were split, suggesting that the divergence in functional genes occurred following the vicariance between regions (H. Ikeda, N. Fujii and H. Setoguchi, unpublished results) . In a partial sequence of PHYE ($700 of the 3700 bp), three nonsynonymous substitutions were fixed between central and northern Japan, whereas nine other loci showed few nonsynonymous substitutions between the two regions. Thus, local adaptation in PHYE may have occurred following the vicariance between central and northern Japan, while genetic drift following the vicariance happened to fix the nonsynonymous substitutions. Further investigations that evaluate evolutionary patterns along the functional domains of phytochromes, including determining the entire sequences of PHYE, may demonstrate the involvement of PHYE in local adaptation.
In this study, to test the hypothesis that PHYE has been involved in local adaptation between central and northern Japan, we determined the entire sequences of PHYE from the entire distribution range of C. nipponica and examined polymorphisms and their geographic structures. Furthermore, to assess whether the signature of local adaptation was exclusively detected in PHYE or whether other phytochromes were also involved, we determined the entire sequences of PHYA-C and examined their polymorphisms.
MATERIALS AND METHODS
Primer design for amplification of the entire coding region of PHYA-C and PHYE: To obtain the total sequence of phytochrome genes from C. nipponica, genome walking was conducted following the method of Lian et al. (2006) using previously reported primers (Kuittinen et al. 2002; Ikeda et al. 2008b) instead of the compound SSR primers used in the original method (Lian et al. 2006) . Homology of the sequenced fragments obtained from each genome walking was examined by a BLAST search, and all fragments were aligned with the corresponding PHY sequences of A. thaliana. Following genome walking and obtained sequences, we designed PCR primers that amplify all coding regions of each phytochrome and additional primers for sequencing the entire coding regions (supporting information, Table S1 ).
DNA extraction, PCR, and sequencing: Previously extracted DNA samples of C. nipponica (Ikeda et al. 2008b) were used, from which 11 samples (one sample per population; Table 1 ) for PHYA-C and 19 samples (one or two samples per population) for PHYE were chosen as PCR templates and used in the following analysis. These samples covered the entire geographic range of this species and represented polymorphisms of the species because previous phylogeographic studies detected little genetic diversity within populations (Ikeda et al. 2008b) . The summary of analyzed samples is shown in Table 1 . Cardamine resedifolia was used as the outgroup; DNA from one individual was extracted using DNeasy (Qiagen, Hilden, Germany) and dissolved in 100 ml TE buffer.
PCR amplification was conducted in a total reaction volume of 10.0 ml, containing 5.9 ml of autoclaved ion-exchanged water, 0.4 mm dNTP mixture, 13 LA PCR Buffer II (Takara LA Taq; Takara, Kyoto, Japan), 0.5 unit LA Taq HS (Takara), 0.2 mm of each primer (Table S1 ), and 1.0 ml of DNA. Amplification was performed with an initial denaturation for 3 min at 94°followed by 45 cycles of denaturation for 45 sec at 94°, annealing for 45 sec at 56°, and extension for 6 min at 72°. PCR products were visualized on 1.0% TAE-agarose gels stained with ethidium bromide and were gel purified with glass powder using GeneCleanII (Bio 101, Vista, CA). Products were sequenced directly using the standard methods of the BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied BioSystems, Foster City, CA) using all listed primers (Table S1 ). To avoid erroneous polymorphisms, all sequences with singletons were sequenced more than twice from independent PCR products.
Sequence alignment: All sequences were aligned using Auto Assembler software (Applied BioSystems) together with the mRNA sequence of A. thaliana because insertions and deletions in introns made alignment difficult. Coding regions, including start and stop codons, were assigned on the basis of the sequence of A. thaliana. Because we found no dual peaks from any analyzed sequences, haplotypes of all sequences were determined directly. Amino acid sequences of all haplotypes, including C. resedifolia, were aligned together with those of A. thaliana (602188A, Q5G899, 2104420A), Solanum lycopersicum (Q41331, Q9ZS62, Q41335), Sorghum bicolor (Q6S542, Q6S525, P93528), and Triticum aestivum (Q5K5K6, A9JR06, Q8VWN1) from the database for PHYA-C and that of Ipomea nil (P55004), Vitis vinifera (A7QQ J6), A. thaliana (2017370B), and S. lycopersicum (Q9M6P6) and PHYB of A. thaliana from the database for PHYE using Clustal X (Thompson et al. 1997) . To evaluate the functional importance of polymorphic sites, sites without variations across outgroup taxa were assigned as conserved sites.
Analysis of the phytochrome genes: Phylogenetic relationships among haplotypes were constructed on the basis of DNA sequences using PAUP4.0b with a Branch and Bound search (Swofford 2003) following the maximum-likelihood model of evolution (PHYA, HKY 1 G; PHYB, F81; PHYC, F81; PHYE, HKY) determined by jModeltest (Guindon and Gascuel 2003; Posada 2008) . The significance of each branch was tested with 1000 bootstrap resamplings following the maximumlikelihood method with a heuristic search using PAUP 4.0b10 (Swofford 2003) . The minimum number of recombination events across analyzed sequences was estimated (R M ) on the basis of the four-gamete test (Hudson and Kaplan 1985) using DnaSP (Rozas et al. 2003) .
Nucleotide diversity for total (p Total ), nonsynonymous (p a ), and synonymous sites (p s ) within C. nipponica and each region and genetic divergence from C. resedifolia for total (K Total ), nonsynonymous (K a ), and synonymous sites (K s ) were estimated according to Jukes and Cantor (1969) . To test whether the patterns of polymorphisms were compatible with neutral equilibrium, we applied Tajima's D test (Tajima 1989) . The significance of D was evaluated with 10,000 coalescent simulations. The genetic differentiation between central and northern Japan was estimated by F ST using the method of Hudson et al. (1992a) . Significant genetic differentiation between these two regions was tested with K ST * (Hudson et al. 1992b ) and S nn (Hudson 2000) on the basis of 10,000 permutations, because these tests have the highest power to detect population differentiation (Hudson 2000) . To evaluate the level of these summary statistics of PHYA-C and PHYE, an additional eight loci used in previous studies (H. Ikeda, N. Fujii and H. Setoguchi, unpublished results) were analyzed: COP1, a gene regulator downstream of phytochrome and cryptochromes; DET1, a gene regulator downstream of phytochromes and cryptochromes; GA1, which is involved in the biosynthesis of gibberellic acid; TFL1, which controls inflorescence meristem identity; CAL, which is essential for the proper identity of the floral meristem; F3H, which encodes an enzyme of the phenylpropanoid pathway; DFR, which encodes an enzyme of the phenylpropanoid pathway; and CHS, which is involved in secondary metabolism. Samples from the analyzed populations were also analyzed at these additional loci. In addition, the Hudson-Kreitman-Aguadé test (HKA; Hudson et al. 1987 ) was conducted to assess neutral evolution on the basis of the ratio of polymorphisms within C. nipponica to the divergence from the outgroup using the 12 loci. Moreover, the mean value of Tajima's D across the 12 loci was estimated, and the significance was evaluated using 10,000 coalescence simulations. These analyses were performed using the DnaSP (Rozas et al. 2003) and the HKA program (http:/ /lifesci. rutgers.edu/$heylab/HeylabSoftware.htm#HKA). Additionally, evidence of non-neutral evolution of the phytochrome genes was investigated using the McDonald-Kreitman (MK) test (McDonald and Kreitman 1991) using DnaSP (Rozas et al. 2003) .
Data analysis for PHYE: Because PHYE was assigned to an outlier locus due to highly divergent clusters of haplotypes (see results), we further evaluated the evolutionary history of this phytochrome gene. To determine regions with a signature for non-neutral evolution along the sequence, sliding-window analyses were performed for nucleotide diversity (p), genetic divergence (K ), and Tajima's D using DnaSP (Rozas et al. 2003) . A fixed window size of 350 bp with a step size of 5 bp was used because smaller window sizes yielded windows with no polymorphisms. The 97.5% confidence interval of Tajima's D was evaluated using 10,000 coalescent simulations. Regions of the functional domains in phytochromes were also shown in the window: the N-terminal extension (N), the Per/Arn/Simlike (PAS) domain, the cGMP phosphodiesterase/adenyl cyclase/FhlA domain, the phytochrome (PHY) domain, the PAS-related domain, and the histidine-kinase-related domain (Montgomery and Lagarias 2002) .
Whether the pattern of nonsynonymous and synonymous substitutions between interregional and interspecies branches followed neutral evolution was tested using the MK test. Furthermore, non-neutral evolution within the genealogy of haplotypes was assessed by the ratio of nonsynonymous to synonymous substitutions (d N /d S ) using CODEML in PAML4.0 (Yang 2007) . Because branches between central and northern Japan (interregional branches) were highly diverged (see results), positive selection on the interregional branches was tested using the branch-site model (Zhang et al. 2005) . This model is powerful in detecting positive selection et al. 2005) . Model A was also tested against the nearly neutral model, which assumes that all sites have one of two v (v 0 , v 1 ), regardless of background or foreground, but this test does not distinguish between relaxed selective constraints and positive selection. Specific sites inferred to be under positive selection were identified using the Bayes empirical Bayes method . The likelihood-ratio test was applied to test all models against null models. A phylogenetic tree was assumed [(north), (south), C. resedifolia] for the analysis because this relationship was significantly supported in the present phylogenetic analysis of haplotypes (bootstraps .95%) and because our data were intraspecific and detailed relationships would vary due to stochastic effects. The convergence of likelihood and v was evaluated by running the analysis three times, with different initial values of v (0, 1, 10).
RESULTS
Sequences of PHYA-C and PHYE genes in C. nipponica: The locations of exons and introns were consistent with those in A. thaliana. Excluding the stop codon, the sequenced lengths of the coding regions of phytochrome genes of C. nipponica were 3716, 3974, 3578, and 3676 bp in PHYA, -B, -C, and -E, respectively. Identity of sequences in coding regions between C. nipponica and A. thaliana is $94, 88, 92, and 92% in PHYA, -B, -C, and -E, respectively. All sequences were deposited in the DNA Data Bank of Japan (AB438983-AB438994, AB456956-AB456982). As expected from the primarily selfing character in the previous study (Ikeda et al. 2008b) , there was no recombination among analyzed sequences. Therefore, the following analyses of the DNA sequence, especially the neutral test, could not be influenced by recombination.
Genealogies among haplotypes: Genealogies among haplotypes based on DNA sequences are shown in Figure 1 and Figure 2 . In PHYA and PHYE, two highly supported clusters of haplotypes (PHYA, .85%; PHYE, 100%), which correspond to the geographic regions of central and northern Japan, were detected (Figures 1  and 2 ). There were no such geographic structures in the genealogies of PHYB and PHYC. Haplotypes of PHYB gave a star-shaped tree, while haplotypes of PHYC formed a cluster (100%), which consisted of haplotypes detected from two neighboring populations (populations 2 and 3) whereas another highly supported cluster (84%) contained haplotypes from both central and northern Japan (Figure 1) .
Nucleotide diversity, genetic divergence, and population differentiation: Nucleotide diversities varied among phytochrome genes, which were comparatively low across other loci of C. nipponica ( In particular, PHYB harbored few variations not only in C. nipponica (p Total ¼ 0.00054) but also in each region (p Total ¼ 0.00058 and 0.00038 for northern and central Japan, respectively). The level of diversity in PHYA was similar to that of PHYB in each region (p Total ¼ 0.00067 and 0.00046 for northern and central Japan, respectively), while it was higher in the entire C. nipponica population (p Total ¼ 0.00126). The diversity within regions was high in PHYC compared to the other phytochromes (Table 2) , especially in northern Japan (p Total ¼ 0.00209). PHYE harbored the highest genetic diversity among phytochrome genes within C. nipponica (p Total ¼ 0.00312), while the diversity within each region was compatible with other phytochrome genes, especially in northern Japan (p Total ¼ 0.0060). In particular, the high level of genetic diversity in PHYE was due to the higher ratio of nonsynonymous to synonymous substitutions (p a /p s ¼ 0.23, 0.19, 0.17, and 0.92 for PHYA, PHYB, PHYC, and PHYE, respectively).
The level of genetic divergence of PHYA-C and PHYE from C. resedifolia was similar across genes (K Total ¼ 0.0061-0.0075), particularly in synonymous sites for PHYA, -C, and -E (K s ¼ 0.012-0.013), and intermediate compared to other loci (Table 3 ). This indicates that the evolution of phytochrome genes occurred at similar rates in C. nipponica. Additionally, the ratio of nonsynonymous to synonymous divergences was compatible across phytochrome genes (K a /K s ¼ 0.32, 0.57, 0.35, and 0.38 for PHYA, PHYB, PHYC, and PHYE, respectively). Thus, evolutionary rates of nonsynonymous and synonymous substitutions were not distinct among phytochrome genes. This suggests that the high level of nonsynonymous substitutions in PHYE was caused by a specific force that accumulated nonsynonymous substitutions.
The level of population differentiation varied across all phytochrome genes (Table 2) (Table 3) . The overall high level of differentiation is consistent with the vicariance history between populations in central and northern Japan.
Neutrality test: Significant deviation from neutral equilibrium was detected in PHYE for the entire region (D ¼ 1.91; Table 2 ) and in PHYC for the northern region (D ¼ 1.44; Table 2 ). The mean values of Tajima's D across the 12 loci did not deviate from neutral equilibrium for the entire region (D ¼ 0.004, P ¼ 0.41) or for the southern region (D ¼ 0.111, P ¼ 0.29), while a significant positive value was detected in the northern region (D ¼ 0.830, P , 0.05).Thus, although the patterns of polymorphisms across genes in entire regions and in the southern region followed the expectation of neutral equilibrium, those in the northern region deviated from neutral equilibrium across genes. This multilocus departure from neutrality in the northern region could have been caused by genomewide effects, such as demographic changes and/or population subdivisions (Schmid et al. 2005) . This indicates that the significant departure from neutral equilibrium in PHYC in the northern region was not likely caused by locus-specific effects, such as natural selection, but rather by effects across the whole genome.
In contrast, regardless of the neutrality of polymorphisms across genes for the entire region, PHYE alone showed a significant positive deviation from neutral equilibrium. This indicates that locus-specific effects, such as natural selection, may have shaped the pattern of polymorphisms in PHYE for entire populations and that PHYE was an outlier locus. Because the positive deviation in Tajima's D was caused by an excess of polymorphisms with intermediate frequency (Tajima 1989) , diverged alleles (haplotypes) would persist in entire populations. As shown in the genealogy (Figure  2 ), the existence of two highly diverged clusters that correspond to the geographic distribution of haplotypes was consistent with the significant positive value of Tajima's D.
The HKA test showed no evidence of deviation from neutral evolution (x 2 ¼ 4.75, P ¼ 0.94). Moreover, no evidence of non-neutral evolution among phytochrome genes was detected by the MK test (Table 4) , while PHYC and PHYE were close to a significant deviation (P ¼ 0.09 and 0.08 for PHYC and PHYE, respectively). Amino acid replacements: Six, 4, 8, and 20 amino acid replacements were detected in PHYA, -B, -C, and -E, respectively. In PHYA, 3 of 6 replacements were located at conserved sites (Table 5) . One of these 3 replacements was fixed between regions (E38D), while the remaining 2 were found exclusively in single populations (P191S, L424M). Three of 4 replacements in PHYB were at conserved sites (S415T, L482F, E815D), and all were found in single populations (Table 5 ). In PHYC, 3 of 8 replacements occurred at conserved sites (R7S, L104S, L492F) and 2 were in population 11 (R7S, L492F), while another was fixed in neighboring populations (populations 2 and 3; Table 5 ). In PHYE, 6 of 20 replacements were located at conserved sites (I153N, V303I, A483V, F508Y, V550I, N757H; Table 4 ). Five of these 6 were fixed between regions (except for I153N).
Additionally, 11 of 20 replacements were fixed between regions (V303I, A483V, F508Y, V550I, Y689D, F695C, N757H, L822V, Y951D, D1058E, T1100K; Table 6 ). Overall, 17 of 38 replacements were found in single populations, of which 8 replacements were located at conserved sites. Although the functional deficiencies due to these replacements are not known, considering the phylogeographic history of this species (Ikeda et al. 2008b ) and the small populations in the current distribution, reduced population size during the postglacial warming and subsequent genetic drift may have caused the fixation of these singleton mutations on each mountain. In particular, as expected from its distinct genetic structure and isolated history (Ikeda et al. 2008b) , population 11 (Hakusan) harbored 5 singleton amino acid replacements. 
Molecular evolution of PHYE:
The ratio of synonymous and nonsynonymous substitutions between interregional branches (synonymous/nonsynonymous substitutions: 2/11; see Figure 2 legend) was significantly distinct from the interspecies branch (synonymous/nonsynonymous substitutions: 8/7, G-test ¼ 4.61, P , 0.05). This indicates that the specific high level of nonsynonymous substitutions in PHYE may be attributable to the elevated nonsynonymous substitutions between haplotypes in central and northern Japan.
The evolutionary forces for these elevated nonsynonymous substitutions were evaluated by PAML analysis. The branch-site model that allows positive selection on sites of interregional branches fit significantly better than the nearly neutral model that assumed no positive selection at any sites (2D' ¼ 2 3 4.37 ¼ 8.74, d.f. ¼ 2, P , 0.05; Table 7 ). However, the model was not significantly better than the null model that assumed that v 2 ¼ 1 (2D' ¼ 2 3 4.37 ¼ 2.54, d.f. ¼ 1, P ¼ 0.11; Table 7 ). This indicated that the relaxed constraint on selection, rather than on positive selection, was the more likely explanation of the higher rate of nonsynonymous substitutions to synonymous substitutions on interregional branches. No site was significantly influenced by positive selection in interregional branches (.95%).
The sliding-window analysis showed the distribution of polymorphisms along functional domains ( Figure  3 ). The patterns of polymorphisms deviated significantly from neutral equilibrium exclusively in the PHY domain ( Figure 3B ). As expected from the low divergence in the PHY domain ( Figure 3A) , one synonymous substitution was fixed between species, and three nonsynonymous substitutions were detected in C. nipponica. This pattern of synonymous and nonsynonymous polymorphisms and divergences in the PHY domain deviated significantly from the neutral expectation (x 2 ¼ 4.00, P , 0.05), while the pattern of polymorphisms and divergence between the PHY and the remaining domains did not deviate from neutral evolution (HKA test; x 2 ¼ 0.197, P ¼ 0.66). Furthermore, all nonsynonymous substitutions were fixed The divergence from C. resedifolia was estimated for the entire (K Total ), nonsynonymous (K a ), and synonymous sites (K s ) separately. The significance of genetic differentiation was evaluated by K ST and S nn (*P , 0.05, **P , 0.01). The number of polymorphisms and fixed differences indicate the number of substitutions within C. nipponica and those fixed between C. nipponica and C. resedifolia. between central and northern Japan (A483V, F508Y, V550I; Table 6 ).
DISCUSSION
Although the pattern of evolution varied among phytochromes of C. nipponica, the evolution of phytochromes was largely constrained by purifying selection. However, PHYE alone exhibited the signature of nonneutral evolution. Our finding of non-neutral evolution in PHYE indicates that local adaptation may be involved in the evolution of PHYE in C. nipponica. Considering the prominent role of PHYE at cool temperatures in A. thaliana (Halliday and Whitelam 
Populations 6 and 11
and 10
Sites that are conserved across taxa are in italic type. The names of haplotypes are represented by populations in which the haplotypes were found. 
Sites that were conserved across taxa are in italic type. The names of haplotypes are represented by populations in which the haplotypes were found.
2003; Heschel et al. 2007) , and because C. nipponica grows in alpine habitats, PHYE may play an important role in C. nipponica. While the adaptive evolution of phytochromes has been previously suggested (White et al. 2004; Balasubramanian et al. 2006; Ingvarsson et al. 2006 Ingvarsson et al. , 2008 Filiault et al. 2008) , our study is the first to suggest the involvement of PHYE in local adaptation.
Inconsistent patterns of evolution across phytochromes of C. nipponica: The present investigation of the molecular evolution of phytochrome genes detected inconsistent patterns of evolution across genes in C. nipponica, as shown in the level of nucleotide diversity (Table 2 ) and in the geographic structure of the haplotypes (Figures 1 and 2 , Table 2 ). In contrast, the genetic divergence from the closely related species C. resedifolia was similar across genes, indicating that the inconsistent evolutionary pattern across genes may be the result of differing evolutionary forces among phytochromes. This indicates that functional constraints varied across phytochromes and that roles for local adaptation across these photoreceptors may also vary.
An overall low level of nucleotide diversity in phytochrome genes suggests that the evolution of phytochromes is constrained by purifying selection within C. nipponica, which is consistent with previous findings on the molecular evolution of phytochromes (Mathews and Sharrock 1996; Yang and Nielsen 2002; García-Gil et al. 2003; White et al. 2004; Filaullt et al. 2008; Mathews and McBreen 2008) . In particular, functional constraints and purifying selection were strong in PHYB, which plays the largest role in red light perception and is the most important phytochrome in open habitats (Whitelam and Devlin 1997; Mathews 2005) . Additionally, the rather high level of nucleotide diversity in PHYC is consistent with previous findings of a faster rate of evolution in PHYC in some tomato and sorghum (Alba et al. 2000; White et al. 2004) .
Despite the strong functional constraints on and the subsequent purifying selection in phytochromes, previous reports have suggested the involvement of phytochromes in local adaptation (Balasubramanian et al. 2006; Ingvarsson et al. 2006 Ingvarsson et al. , 2008 Filiault et al. 2008) . In A. thaliana, amino acid replacements in PHYB were involved in differences in light sensitivity across accessions, suggesting the importance of PHYB in adaptation (Filiault et al. 2008) . Moreover, haplotype groups of PHYC that were distinguished by eight amino acids were significantly involved in a latitudinal cline in flowering time (Balasubramanian et al. 2006) . In P. tremula, PHYB2 was mapped to a linkage group containing QTL for bud set and bud flush, important adaptive traits in forest trees (Frewen et al. 2000; Chen et al. 2002) . The distribution of four SNPs on PHYB2 was significantly correlated with latitude (Ingvarsson et al. 2006) , from which two nonsynonymous SNPs were associated with bud-set variation (Ingvarsson et al. 2008) .
Plausible local adaptation in PHYE: In our investigation, PHYE alone showed a signature of non-neutral evolution that was caused by a high level of nonsynonymous substitutions (Table 2) , especially haplotypes between central and northern Japan. Although maximumlikelihood tests showed that the accumulated nonsynonymous substitutions were attributable to the relaxation of selective constrains (Table 7) , interpretation of this model base analysis comes with a caveat. Because the model assumes that sequences were sampled from divergent species, applying it to intraspecific data, as well as data from a single population, may not correctly evaluate the natural selection correctly (Kryazhimskiy and Plotkin 2008) . In our case, nonsynonymous substitutions accumulated significantly on the interregional Results of the branch-site model analysis for PHYE
Model
Estimated parameters l P-value
v 0Àb /v 1Àb and v 0Àf /v 1Àf indicate two ratios of nonsynonymous to synonymous substitutions (v 0 , v 1 ) in the background (the interspecific and intraregional branches) and in the foreground (the interregional branches), respectively. v 2 indicates the ratio of nonsynonymous to synonymous substitutions on positively selected sites in the foreground. p 0 , p 1 , p 2A , and p 2B indicate the frequency of sites that have a pair of v's in the background and foreground. The P-values above and below indicate the significance of the branch-site model tested against the nearly neutral model (test 1) and the null model with v 2 ¼ 1 (test 2), respectively. branch compared to the interspecies branch (Figure 2) . Moreover, the distribution of amino acid replacements along the functional domain indicates the adaptive importance of nonsynonymous substitutions. In particular, three of the five replacements at conserved sites were located in the PHY domain (A483V, F508Y, V550I; Table 6 ), where a significant departure from neutrality was detected ( Figure 3B ). The low level of nucleotide diversity and divergence in this domain indicates a slow rate of mutations ( Figure 3A) , consistent with the lack of other substitutions in this domain. Thus, regardless of the slow mutation rate in the PHY domain, amino acid replacements were fixed between central and northern Japan (Table 6) .
Physiological studies have shown that the PHY domain is important for stabilizing the active form of phytochrome (Pfr) and that amino acid replacements in this domain caused the phenotypic differences in A. thaliana (Oka et al. 2004 (Oka et al. , 2008 . Thus, fixed differences in the PHY domain may cause functional differences in PHYE as well as subsequent phenotypic differences between central and northern Japan. Previous studies on natural variation in phytochrome genes have suggested that amino acid replacements in phytochromes were associated with phenotypic differences and local adaptation (Maloof et al. 2001; Balasubramanian et al. 2006; Ingvarsson et al. 2006 Ingvarsson et al. , 2008 Filiault et al. 2008) . Similarly, the accumulation of amino acid replacements in the conserved sites in the functionally important domain (PHY) may indicate the involvement of PHYE in local adaptation between central and northern Japan.
Although few phenotypic differences were observed in monogenic phyE mutants in normal growth conditions in A. thaliana , PHYE plays a prominent role in germination and flowering at cooler temperatures (Halliday and Whitelam 2003; Heschel et al. 2007 ). Because C. nipponica is an alpine plant growing at high altitudes (2000-3000 m), it experiences cool temperatures throughout its life cycle. Thus, physiological mechanisms active at cool temperatures are important for C. nipponica's survival, suggesting the importance of PHYE function. As a result, the evolution of PHYE should be strongly constrained. Nevertheless, amino acid substitutions at conserved sites in an important domain (PHY) persisted between regions, suggesting that they were associated with functional divergence, as well as with adaptation to the local environment. Because the stability of Pfr is involved in the perception of light signals (Oka et al. 2004 (Oka et al. , 2008 , divergence in photosensory function may be responsible for the local adaptation between central and northern Japan.
Although alpine flora do not extend across a wide geographic range in Japan (35-45°N), day length is different between the southernmost and northernmost populations ($0.5-1 hr in the summer; National Astronomical Observatory 2002). The altitudes of alpine populations and of the mountains are also different across ranges; i.e., mountains in central Japan are nearly 3000 m high, whereas those in northern Japan are #2000 m. Therefore, the lower altitude of populations at higher latitudes results in lower light intensity in northern Japan compared to the populations in central Japan, which are located at higher altitudes and lower latitudes. Consequently, the light environment would be variable between populations in central and northern Japan. Further investigation of the functions of PHYE in C. nipponica and its effects on phenotype may demonstrate the adaptive importance of this gene in the local environment.
Most alpine plants in the Japanese archipelago show strong differentiation between populations from central and northern Japan (Fujii et al. 1997 (Fujii et al. , 1999 Senni et al. 2005; Fujii and Senni 2006; Ikeda et al. , 2008a Ikeda and Setoguchi 2007) . However, on the basis of geographic separation alone, explaining genetic differentiation is difficult, as some alpine plants exhibit homogenous genetic structures throughout the Japanese archipelago (Fujii et al. 1996; Senni et al. 2005; . Thus, genetic differentiation between central and northern Japan may persist in some species because of functional differences involved in local adaptation that prohibited potential gene exchange between regions. In fact, the latitudinal cline of flowering in A. thaliana, mostly attributable to two genes (FLC and FRI ), is also influenced by the amino acid substitution in PHYC (Balasubramanian et al. 2006) . If the differences in photosensory functions of PHYE in C. nipponica cause changes in flowering time in the same environment, gene exchanges following range expansion could be prevented. If that were so, the signature of local adaptation in PHYE could be a candidate for explaining the persistence of genetic differentiations in C. nipponica, which may further explain genetic differentiation in other alpine plants.
